1. Introduction {#sec1}
===============

The continuously surging demand in consumer electronics and electric vehicles has forced people to develop higher energy density rechargeable lithium-based batteries,^[@ref1]−[@ref4]^ for examples, lithium--sulfur batteries and lithium--air batteries have been rapidly developed.^[@ref5]−[@ref8]^ A lithium metal anode has been regarded as a "Holy Grail" in the next-generation anode material for high-energy lithium batteries, owing to its extremely high theoretical specific capacity (3860 mA h g^--1^) and low negative electrochemical potential (−3.04 V vs the standard hydrogen electrode).^[@ref9]−[@ref12]^ However, the uncontrolled growth of lithium dendrites and severe side reactions can cause internal short circuits and reduce Coulombic efficiency, hindering the application of lithium metal anodes.^[@ref13]−[@ref16]^

Recently, many quality strategies have been proposed to solve the problems, such as creating a three dimensional current collector to reduce volume expansion and improve uniform lithium deposition,^[@ref17]−[@ref19]^ employing applicable electrolyte additives to improve both stability and Li-ion transport of solid electrolyte interphase (SEI),^[@ref20]−[@ref22]^ constructing a lithiophilic alloy protective layer to improve lithium ion transport channels and inhibit dendrite growth at the anode/electrolyte interface.^[@ref23],[@ref24]^ Among these strategies, building an artificial SEI layer has been certified as an effective method to avoid side reactions and inhibit the growth of lithium dendrites.^[@ref25]−[@ref27]^ In general, lithium ions must pass through SEI in deposition and dissolution processes. Because the lithium metal is thermodynamic unstable in an organic electrolyte, a complex SEI that is composed of reduction products of the electrolyte forms initially.^[@ref28],[@ref29]^ According to the reports of Peled and his coauthors, SEI can be described as a mosaic-type and formed by small heterogeneous stacks with different compounds.^[@ref30],[@ref31]^ The SEI then exhibits heterogeneous Li-ion conductivity, which facilitates inhomogeneous deposition. In order to stabilize the lithium deposition, the SEI must have homogeneous and fast Li-ion conductivity.^[@ref9]^

It has been proven that the in situ SEIs of Li~2~S, LiF, and LiNO~3~ can effectively improve the stability of the lithium metal anode.^[@ref32]−[@ref35]^ Lithium phosphate (Li~3~PO~4~) is regarded as one of the most important compound to manage Li deposition behaviors as it has high lithium ion conductivity.^[@ref36]^ The artificial SEI layer that uses homogeneous inorganic lithium salts as host materials, such as Li~3~PO~4~, Li~2~S, and LiF, can significantly improve the homogeneity of Li-ion conductivity. However, the mechanical robustness of an inorganic SEI layer composed of crystal particles has been normally unsatisfactory, it cannot resist volume changes in the cycle, so that fractures inevitably occur. Polyvinyl alcohol (PVA) has prominent chemical stability, good mechanical property, and nontoxic behavior, which make it an outstanding candidate to form a film.^[@ref37],[@ref38]^ Using PVA solid polymer electrolytes and various lithium salts to build artificial SEI layers is a method to protect the lithium metal anode.

In this contribution, an in situ Li~3~PO~4~/PVA solid polymer electrolyte protective layer is produced by in situ reaction of phosphorus pentoxide (P~2~O~5~) and PVA with the Li metal. Li~3~PO~4~ in the protective layer provides channels for lithium ion transport, while PVA ensures the protective layer better adapting to volume changes and binding Li~3~PO~4~ particles. The Li~3~PO~4~/PVA hybrid promotes the formation of a stable and flexible protective layer that enables Li deposition uniformly and suppresses the growth of Li dendrites. Additionally, the in situ production method gained a perfect interface between the protective layer and the lithium metal anode, which effectively isolated the liquid electrolyte and prevented side reactions. With the PP-Li anode, the stability of symmetrical batteries is significantly improved, especially, the battery life under high current densities increased to 800 h. The anode showed a good performance at high rates when it was applied to lithium titanium oxide (LTO) batteries.

2. Results and Discussion {#sec2}
=========================

It is well known that a low moisture content is necessary to obtain a quality in situ protective layer on lithium metal anodes.^[@ref9],[@ref36]^ It has been demonstrated that when using 85% phosphoric acid as the source, the Li~3~PO~4~ protective layer formed on the surface of the lithium metal anode was rough.^[@ref36]^ A source of phosphate is, therefore, required to reduce the moisture content. Here, we choose phosphoric anhydride (P~2~O~5~) as the phosphate source. Together with PVA, it was dissolved in dimethyl sulfoxide (DMSO) to form the treatment solution. In this design, P~2~O~5~ is not only used as the main reactant but also as the water absorbent. The contact between the lithium metal and moisture was greatly avoided because P~2~O~5~ absorbed water in DMSO and generated H~3~PO~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). On the one hand, the formed phosphoric acid sequentially reacted with the lithium metal and formed Li~3~PO~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). On the other hand, the partial hydroxyl groups in PVA were likely to be reduced by the lithium metal because of high activity of lithium.^[@ref39]^ A solid polymer electrolyte protective layer was then formed on the Li metal anode. It has a tight interface with the surface of the lithium metal. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, the protective layer is mainly composed of Li~3~PO~4~ particles and PVA polymers. The Li~3~PO~4~ particles uniformly distribute in the solid polymer electrolyte as the main ion transport medium. PVA polymers can well adhere to Li~3~PO~4~ particles and improve the flexibility of the protective layer. Reaction time is an important reaction condition. The reaction time also affects the performance of the protective layer. As shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf), PP-Li with 6 h reaction time shows the best surface morphology.

![(a) Reaction mechanism proposed for the formation of the Li~3~PO~4~ and (b) Li~3~PO~4~/PVA protective layer on the Li foil.](ao0c00729_0001){#fig1}

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,c, the PP-Li anode exhibits a smooth and dense protective layer on the surface, and the protective layer adheres tightly to the lithium metal ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf)). Therefore, it can effectively isolate the lithium metal from the electrolyte to avoid side reactions. The cross-sectional view shows that the protective layer is not only dense but also thin ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). As shown in [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf), the thickness of the protective layer is ∼200 nm. The thin protective layer has short ion transmission channels that can improve the ion transmission. As shown in corresponding EDS image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f), a large number of C, O, and P are homogeneously distributed on the surface of PP-Li, which implies that a solid polymer electrolyte protective layer was formed on the surface of the Li metal. The C elements mainly come from PVA, which proves that PVA can well adhere to the surface of the lithium metal. The O and P elements are derived from P~2~O~5~.

![(a) Surface and (b) cross-sectional scanning electron microscopy (SEM) images of the PP-Li anode, and (c) high-magnification SEM image of the PP-Li anode and (d--f) corresponding energy dispersive X-ray spectroscopy (EDS) elemental mapping images of C, O, and P.](ao0c00729_0002){#fig2}

In order to further identify the composition of the PP-Li surface, we analyzed PP-Li by using an X-ray diffractometer, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The XRD patterns of PP-Li show distinct peaks. The peaks at 16.9, 22.358, 23.409, 25.035, 33.928, and 37.072° correspond to the characteristic peaks of Li~3~PO~4~ (PDF\#25-1030); the peak at around 20° corresponds to the characteristic peaks of PVA; the two peaks at 51.973 and 67.980° are indexed as Li (PDF\#15-0401). It can be clearly confirmed that the protective layer of the PP-Li anode is only composed of crystalline phases of PVA and Li~3~PO~4~ as well as the process of converting P~2~O~5~ to Li~3~PO~4~. In addition, the formation of Li~3~PO~4~ significantly weakened and broadened the peak of PVA. The crystallinity of PVA was reduced effectively. The inorganic salt particles in PVA can enhance the mechanical properties of the protective layer.^[@ref40]^ Hence, the synergy of PVA and Li~3~PO~4~ can effectively improve the performance of the protective layer and stabilize the lithium deposition behavior.

![X-ray diffraction (XRD) patterns of the PP-Li anode, Li~3~PO~4~ power, PVA, and bare Li.](ao0c00729_0003){#fig3}

The lithium metal anode after cycles was observed by SEM in order to prove the regulation effect of PP-Li on lithium deposition behavior. The Li\|Li symmetrical cell was charged/discharged at a current density of 1 mA cm^--2^, and the charge/discharge interval was 1 h. The cells were opened after 10 cycles of charge and discharge to observe the lithium metal anode suffering the deposition process. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the surface of the PP-Li anode remained flat because of the protective layer, and the cross-sectional SEM image exhibits a dense lithium deposition layer without dendrites ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). In contrast with PP-Li, the surface of bare lithium is very loose and porous ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). A 28 μm lithium deposition layer was observed clearly on the surface of the bare lithium, which was separated from the substrate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The thick and loose lithium deposition layer will increase the impedance and contact with the electrolyte in a larger area, resulting in severe side reactions and consumption of the electrolyte.^[@ref41]^ The regulating effect of PP-Li on the lithium deposition process can be further verified by electrochemical impedance spectroscopy (EIS) of the symmetrical cells. The impedance spectra of the cells are shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf). The impedance of the Li\|Li symmetrical cell with PP-Li after one cycle is 47 Ω, which is higher than the cell with the bare lithium because the solid polyelectrolyte layer of PP-Li is not activated ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf)). The impedance of the cell with PP-Li decreased to 18 Ω after 10 cycles because the protective layer that was activated stabilized the performance of lithium and provided homogeneous ionic conductivity ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf)). However, the impedance of the bare lithium increased to 71 Ω, which was caused by the thick and loose lithium deposition layer ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf)). This result is consistent with the SEM, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It demonstrated that the solid polyelectrolyte layer of the PP-Li electrode favorably stabilized the Li ion diffusion kinetics.

![Surface and cross-sectional SEM images of PP-Li (a,b) and bare Li (c,d) after 10 cycles.](ao0c00729_0004){#fig4}

Similarly, SEM images of PP-Li anodes after 50 cycles show that they have a dense surface without dendrites ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). This is because that the flexible protective layer adapted to the volume change of lithium and effectively inhibited the growth of dendrites. In contrast with the PP-Li anode, the lithium deposition of the bare lithium is extremely uneven and has many cracks and holes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). A large number of vertically upward dendrites were clearly observed in the high-magnification SEM image ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). The growth of these dendrites is very likely to puncture the separator, causing internal short circuit, which is one of the serious safety problems of Li-based batteries.^[@ref42],[@ref43]^ In general, the protective layer formed by PVA and P~2~O~5~ significantly stabilized the lithium metal anode because of its flexibility and homogeneous ionic conductivity.

![SEM images of PP-Li (a,b) and bare Li (c,d) after 50 cycles.](ao0c00729_0005){#fig5}

Generally, the lithium metal/electrolyte interface becomes unstable during long-term cycling. Galvanostatic cycling measurements were then performed for symmetrical cells to evaluate the stability of the Li metal/electrolyte interface of PP-Li. The Li\|Li symmetrical cells were charged/discharged at a constant current density of 2 mA cm^--2^ with an areal capacity of 1 mAh cm^--2^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), and the voltage--time curve was observed to intuitively judge the stability of lithium metal anodes. The cell using the PP-Li anode exhibited a low polarization voltage (lass then 40 mV) and a steady state with ultralong cycling life of more than 1000 h. The stability of PP-Li can be explained by the homogeneous ionic conductivity and flexibility of the protective layer, which can markedly reduce the accumulation of isolated lithium and the consumption of the electrolyte. On the contrary, the cell with the bare lithium anode exhibited an extremely unstable voltage hysteresis with a rapid voltage increase (to ∼250 mV in 200 h) after 100 h cycling. The voltage curve random oscillated at a high potential hysteresis after 200 h.

![Voltage profiles of Li metal plating/stripping in a Li\|Li symmetrical cell under different current densities: (a) 2 mA cm^--2^ with 1 mA h cm^--2^ and (b) 5 mA cm^--2^ with 2.5 mA h cm^--2^.](ao0c00729_0006){#fig6}

It is well known that it is very difficult to maintain the stability of lithium metal anodes at high current densities and high capacities. Here, we further increase the current density to 5 mA cm^--2^ to evaluate the stability of the PP-Li electrode. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, cells using PP-Li still maintained a steady state cycling at high currents with an areal capacity of 2.5 mAh cm^--2^ over 800 h. An enlarged view of the voltage profiles of the cells with PP-Li electrodes is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, which shows that the PP-Li anodes give a steady voltage plateau with a low polarization voltage (∼120 mV) at 600 h. Whereas, the voltage hysteresis of the cells with the bare lithium anode exhibited a sharp increase, which shows an extreme instability with a much large overpotential of over 1000 mV. Even at high current densities and high capacities, the cells with PP-Li also show excellent stability. This is mainly because PP-Li has a stable protective layer between the lithium metal and the electrolyte, which significantly inhibits side reactions and lithium dendrites and reduces the consumption of the electrolyte. The stability of PP-Li under high currents and high capacities is helpful for the application of lithium metal anodes in practical.

The feasibility of PP-Li anodes in practical applications was demonstrated by galvanostatic charge/discharge cycling. The evaluation of the cyclic stability of PP-Li anodes was conducted with half-cells having the LTO cathode ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, the cell with the PP-Li anode shows a higher initial specific capacity of 120.8 mA h g^--1^ with ∼100% Coulombic efficiency. After 300 cycles, its capacity is 107.4 mA h g^--1^, retaining 88.9% of the initial capacity. In contrast, the discharge capacity of the cell with the bare Li anode at the first cycle is 105.5 mA h g^--1^, which is lower than that of the cell with the PP-Li anode, and degrades to 45.9 mA h g^--1^ at 300th cycle with 43.5% capacity retention. This is because the PP-Li anode can effectively suppress lithium dendrites and prevent the accumulation of isolated lithium, so that the capacity loss of lithium can be greatly reduced.^[@ref44]^[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b shows the charge/discharge curve at 50th cycle. Because of the PP-Li anode with a protective layer, the LTO cell shows a higher capacity and a lower overpotential than the cell using the unprotected Li metal anode. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, the control cell clearly shows a higher overpotential at 200th cycle. However, the overpotential of the cell with the PP-Li anode hardly increased. This is also demonstrated by the charge/discharge curves in different cycles, as shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf). The overpotential of the LTO cell with the bare Li anode rapidly increased with cycle number. When using PP-Li as the anode, the cell has approximately the same charging/discharging plateaus in different cycles. As shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf), the voltage hysteresis of the LTO cell with the PP-Li anode nearly unchanged over 300 cycles, persistently stabilizing at 0.3 V, while the voltage hysteresis of the cell with the bare Li anode stage by stage increased from ∼0.3 to ∼0.7 V at the 200th cycle. The PP-Li anode obviously reduced the overpotential and improved the stability of the lithium metal battery because the protective layer effectively avoided side reactions and reduced consumption of the electrolyte.

![(a) Long-term cycling performances of LTO cells at 5C and charge/discharge curves at (b) 50th cycle and (c) 200th cycle of the LTO cells.](ao0c00729_0007){#fig7}

3. Conclusions {#sec3}
==============

In summary, we demonstrated a Li~3~PO~4~/PVA solid polymer electrolyte protective layer designed to stabilize Li metal anodes. The thin protective layer of the PP-Li anode was formed via in situ reaction of the treatment solution (0.4% P~2~O~5~ and 0.5% PVA in DMSO) with the lithium metal. Because of the synergy of Li~3~PO~4~ and PVA, the protective layer is characterized by proper mechanical properties, well flexibility, and homogeneous channels for lithium ion transmission. It can reduce the interface impedance, effectively regulate the behavior of lithium deposition, and inhibit the growth of lithium dendrites. When the PP-Li anode was used in the Li\|Li symmetrical cell, the cell showed an ultralong steady state cycle of over 1000 h at a current of 2 mA cm^--2^ with a capacity of 1 mA h cm^--2^ and steadily cycled for 800 h, even under a high current of 5 mA cm^--2^ and a high capacity of 2.5 mA h cm^--2^. Similarly, at a high rate of 5C, the LTO cell with the PP-Li anode showed high Coulombic efficiency and high capacity retention after 300 cycles. We believe that the Li~3~PO~4~/PVA solid polymer electrolyte protective layer is a simple and effective solution to the intrinsic problems of lithium metal anodes and the challenges in their practical applications.

4. Experimental Section {#sec4}
=======================

4.1. Method {#sec4.1}
-----------

A treatment solution (0.4 wt % P~2~O~5~ and 0.5% wt PVA in DMSO) was obtained by dissolving P~2~O~5~ and PVA 20-99 polymer in 99.5% DMSO solution at 70 °C. An electrode was fabricated in an argon-filled glovebox of O~2~ \< 0.1 ppm and H~2~O \< 0.1 ppm. The Li metal foil was polished with a sharp blade until the surface of the Li metal was extremely shiny, followed by dipping in the treatment solution for 6 h. Upon removal from the solution, excess liquid was removed using a lint-free wipe, and the sample was dried at 70 °C for 1 h. The obtained Li anode was denoted as PP-Li.

4.2. Electrochemical Measurement {#sec4.2}
--------------------------------

Li\|Li symmetrical cells and LTO cells were assembled for electrochemical measurements. All cells were assembled as a CR2032-type coin cell in an argon-filled glovebox. Li\|Li symmetrical cells use the same Li foils as the positive and negative electrodes, 1 M lithium bis(trifluoromethanesulfonyl)imide, dissolved in 1,3-dioxolane/1,2-dimethoxyethane (1:1 in volume), was used as the electrolyte (each coin cell contented 60 μL of the electrolyte).

The LTO cells used Li~4~Ti~5~O~12~ as the cathode material. When preparing the LTO electrode, LTO powder, acetylene black, and polyvinylidene fluoride were mixed in a mass ratio of 8:1:1 in *N*-methyl-2-pyrrolidone to form the homogeneous slurry. The slurry was then uniformly coated on the copper foil and dried at 120 °C for 12 h in a vacuum oven. Finally, the obtained LTO electrode was cut into discs with a diameter of 10 mm, and the areal loading of the LTO electrodes was ∼4 mg cm^--2^. Lithium hexafluorophosphate (1 M), dissolved in ethylene carbonate and diethyl carbonate (1:1 in volume), was used as the electrolyte (each coin cell contented 90 μL of the electrolyte). Galvanostatic charge/discharge tests were performed on a LAND-CT2001A battery testing system (Wuhan, China). The EIS measurements were performed with a CHI660E electrochemical workstation (Shanghai, China) in the frequency range of 100 kHz to 10 MHz by applying a 5 mV ac perturbation.

4.3. Characterization {#sec4.3}
---------------------

The morphologies of all samples were analyzed by SEM (Hitachi S-4800, Japan). EDS analysis was performed on a Tecnai F20 scanning transmission electron microscope operated at 200 keV using an Oxford detector with a beam current of ∼1 nA. XRD patterns of the samples were recorded on a Rigaku Smart Lab X-ray diffractometer operated at 40 kV using Cu Kα radiation at a scan rate of 5° min^--1^.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00729](https://pubs.acs.org/doi/10.1021/acsomega.0c00729?goto=supporting-info).Surface morphology of PP-Li; artificially cracked PP-Li surface; high-magnification cross-sectional SEM of PP-Li; Nyquist plots of Li\|Li symmetrical cells; charge--discharge curves of LTO cells; and voltage hysteresis upon cycling of investigated LTO cells ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00729/suppl_file/ao0c00729_si_001.pdf))
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